INTRODUCTION
Variations in seawater 87 Sr/ 86 Sr over geologic time, particularly for Phanerozoic time, have been used to reconstruct the evolutionary history of ancient seawater (e.g., Veizer and Compston, 1974; Burke et al., 1982; Veizer, 1989; McArthur, 1994) , to understand continental weathering processes and mid-oceanic ridge hydrothermal circulation (cf. Hodell et al., 1990; Richter et al., 1992; Farrell et al., 1995) , and to correlate and date marine sedimentary rocks (e.g., Elderfield, 1986; Quinn et al., 1991; McArthur, 1994) . The dominant driving forces causing the changes in seawater isotopic ratios are suggested to be (1) continental runoff and ground-water runout, both of which supply radiogenic strontium to the oceans, and (2) seawater-oceanic crust interaction, particularly hydrothermal rift-related activities, supplying a less-radiogenic strontium (Palmer and Elderfield, 1985) . Other factors, such as diagenetic flux and carbonate recycling, may account for a minor contribution (Elderfield, 1986; Veizer, 1989) .
Low-Mg calcite brachiopod shells, particularly if nonluminescent, have been documented to frequently retain the primary Sr-isotope signals of ambient seawater (Popp et al., 1986; Banner and Kaufman, 1994; Diener et al., 1996) . When biogenic marine carbonate forms, the 87 Sr/ 86 Sr of ocean water is incorporated into its structure without fractionation. Oceanic uniformity of 87 Sr/ 86 Sr at any given time is expected, because the residence time of Sr in the oceans (~ 10 6 yr) is much longer than the time it takes for currents to mix the oceans (Faure, 1986) . However, for highly stratified oceans, the response may be different due to possible mixing rates of bottom waters approaching the residence times for Sr in seawater (McArthur, 1994) .
Variations in 87 Sr/ 86 Sr composition of past seawater, resolvable on a short-time scale of 10 7 to 10 6 yr, may be utilized for high-resolution stratigraphic correlations with an accuracy comparable to, and perhaps higher than, that of biostratigraphy, the latter usually being 1 to 5 m.y. The condition is that the temporal 87 Sr/ 86 Sr trends are characterized by steep slopes. This was the case for several intervals of Phanerozoic time, and particularly in Cenozoic time (e.g., Mead and Hodell, 1995) .
The main objectives of this study are to (1) refine the Sr-isotope curve for the Silurian seawater, (2) utilize such a refined curve for high-resolution stratigraphic correlation, and (3) improve understanding of geochemical cycling for Sr during Silurian time.
GEOLOGICAL SETTING
The samples for this study were selected from diverse depositional settings on different paleocontinents. Paleogeographic reconstructions (cf. McKerrow et al., 1991) place all these basins within the tropical paleolatitudes and they include Anticosti Island, Québec, Canada (Laurentia), England, Sweden, Lithuania, Latvia, and Podolia in the Ukraine (Baltica). The lithology of the studied sequences comprised mainly limestones of shallow shelf environments, frequently associated with reefs. The stratigraphic assignment of these sections (Fig. 1) follows the global Silurian standard time scale. For further details of geology and samples see Azmy (1996) , Azmy et al. (1998) , Wenzel and Joachimski (1996) , and Wenzel (1997) .
METHODOLOGY
The selected brachiopods were identified and two identical slabs (~1.5 mm thick) were cut longitudinally through the umbo zone, using an ISOMET low-speed saw. The slabs were gently polished on a glass plate using Al 2 O 3 powder (size 9.5 µm). A thin section of the sample, made from one of the slabs, was studied under a polarizing microscope to examine the preservation of the calcite fibers. The thin section and the other polished slab were viewed under cathodoluminescence, with the operating conditions at ~10 to 11 kv, gun current of 350 to 400 mA, and vacuum of ~ 0.03 Torr.
Carbonate material from the nonluminescent parts of the secondary layer was microsampled from the slab under a binocular microscope by smashing the shell with a stainless steel dental pick. The fragments were cleaned in an ultrasonic bath.
A fragment from each sample was studied under a scanning electron microscope to examine the preservation of the calcite crystals. The rest of the sample was ground in an acid-washed agate mortar and ~ 3 mg were used for trace element analysis by a Thermo Jarrell Ash-AtomScan 25 inductively coupled plasma source spectrometer, at the University of Ottawa, to test for shell chemical preservation (Azmy, 1996) .
For Sr-isotope analysis, about 1 mg of the powdered sample was dissolved for 30 min in 1.5 ml of 2.5N suprapure HCl at room temperature, and Sr was extracted via a clean 10 ml column filled with Dowex AG50-X8 cation resin. The eluent was dried at 125 °C for 2 hr. The dried sample was dissolved in 0.01N HCl for a few minutes and passed through a clean 10 ml separation column filled with Teflon resin to trap Ca that may not have been separated from Sr by first column. The collected sample was evaporated at 125 °C for 2 hr to be ready for running on the mass spectrometer. Blank samples were frequently run and spiked using 84 Sr to measure any contamination that might occur during the process of separation.
The sample was dissolved in 0.4 ml of 1M H 3 PO 4 for 2 min and about half of it was loaded on a tantalum filament. The strontium isotope ratio was measured using the Finnigan MAT 261 multicollector thermal ionization mass spectrometer at Carleton University. The laboratory standard used was NBS 987 ( 87 Sr/ 86 Sr = 0.710249) with a (2σ) precision calculated from 30 measurements of ± 0.000017. The blanks were 0.4 to 0.8 ng. The measured Sr isotope data are listed in Table DR1 , GSA Data Repository. 1 For further details of geology, samples, and analytical and selection procedures, see Azmy (1996) and Azmy et al. (1998) .
Another set of brachiopod samples, from Gotland, was prepared and measured independently at the laboratory of Ruhr Universität in Bochum fol- lowing the procedure of Diener et al. (1996) . Only splinters from nonluminescent shells that exhibited well-preserved fibrous microstructure were picked. A sample of 0.5 to 2 mg was dissolved in 2.5 N suprapure HCl and, after evaporation, Sr was extracted with quartz glass exchange columns filled with Bio Rad AG50Wx8 ion-exchange resin. Then, 150-250 ng Sr were loaded on Re filaments using a Ta 2 O 5 -HNO 3 -HF-H 3 PO 4 solution. Measurements were performed with a Finnigan MAT 262 multicollector mass spectrometer. The NBS 987 value was 0.710244 ± 0.000008. The measured isotope data are highlighted in Table  DR1 (see footnote 1). For further details of geology, samples, and analytical and selection proce- Sr/ Sr Burke et al. (1982 ) Ruppel et al. (1996 This study Bertram et al. (1992) Denison et There is a spread of data within a single biozone despite the high quality of the database (see Fig. 4 ). Since the biozone is the smallest correlatable unit, the observed spread could be resolved into temporal succession only if all good samples could have been collected from the same complete section, a requirement generally beyond geological reality. This is the reason for boxes.
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dures, see Wenzel (1997) . (All data shown in figures in this paper are normalized to the NBS 987 standard, 0.710249.)
PREVIOUS WORK
The temporal oscillations in the Sr isotopic composition of the Phanerozoic seawater were outlined by Burke et al. (1982) , but their work was based mostly on whole-rock samples (e.g., Denison et al., 1997) . Due to possible distortion of the original 87 Sr/ 86 Sr signal by diagenetic alteration, other materials have been suggested for development of a seawater curve, including evaporitic minerals, biogenic carbonates, marine barite, apatite (conodonts, fish teeth, and bones), and marine carbonate cements (Burke et al., 1982; Popp et al., 1986; Banner and Kaufman, 1994; Bertram et al., 1992; Ruppel et al., 1996; Montanez et al., 1996; Denison et al., 1997) . Among these more refined studies, only Bertram et al. (1992) and Ruppel et al. (1996) provided data for the Silurian Period, based on phosphatic fossil conodonts. These data have less scatter and also are closer to the lower limit of the Burke et al. (1982) trend; Ruppel et al. (1996) measurements generally have the least radiogenic values (Fig. 2) . The observed scatter in the published data may be attributed to either partial diagenetic alteration of the analyzed samples or to uncer-Geological Society of America Bulletin, April 1999 Sr/ Sr Ruppel et al. (1996) This study Table 3 ). (Fig. 2) .
SILURIAN STRONTIUM-ISOTOPE CURVE BASED ON BRACHIOPODS
The current Sr-isotope curve for the Silurian Period ( Fig. 2 and Table 1 ) covers the entire period, estimated to have lasted about 30 m.y., from 439 ± 7 to 408.5 ± 4 Ma (Harland et al., 1990) . This time span includes 41 graptolite biozones (Figs. 1and  2) , each with an estimated duration of less than 1 m.y., except for Gorstian time (early Ludlow), which includes biozones lasting to 2 m.y. The shape of the curve is mainly controlled by (1) accuracy of the relative age model used to calibrate the isotope curve, (2) temporal variations in the 87 Sr/ 86 Sr value of Silurian seawater, (3) postdepositional alteration of brachiopod shells, and (4) analytical errors (cf. McArthur, 1994) .
Postdepositional alteration was discussed in detail in Azmy (1996) , Azmy et al. (1998) , Wenzel and Joachimski (1996) , and Wenzel (1997) , with the conclusion that petrographic (cathodoluminescence and SEM) and chemical properties of the studied shells all demonstrated an outstanding degree of preservation of the shell ultrastructure. The relatively low variability of Sr concentrations and the weak correlation between Sr content and 87 Sr/ 86 Sr (Fig. 3 ) are also consistent with such an interpretation and the measurements probably reflect the range of original values. Analytical errors account for only about 0.000015 of the signal (cf. McArthur, 1994) and thus are probably negligible. As a result, the data based on brachiopods have less scatter and are typically less radiogenic than the published data from coeval whole rocks (Burke et al., 1982; Denison et al., 1997) and phosphatic conodonts (Bertram et al., 1992; Ruppel et al., 1996) . The present scatter for the majority of biozones is small, with a 2σ range of less than 0.00003 (Fig. 2) .
Taking into account these clarifications, the band is considered to reflect mainly temporal changes in Sr-isotopic composition of Silurian seawater, with the proviso that the assigned numerical ages depend on extrapolation from graptolite zones.
Although most of the previously published data are more radiogenic than the present brachiopod values, two conodont measurements of Ruppel et al. (1996) and one of Bertram et al. (1992) plot below the brachiopod trend (Fig. 2) .
The reasons for this discrepancy are not clear, but an explanation may be based on a correlation mismatch (Fig. 2) .
Variations in the Sr-isotope composition of seawater are mainly a function of balance between inputs of radiogenic 87 Sr/ 86 Sr from sialic continental crust and low 87 Sr/ 86 Sr from hydrothermal sources. During Silurian time, the hydrothermal input is assumed to have been less effective than the continental input due to relatively dormant volcanic activity. The progressive 87 Sr/ 86 Sr increase in Silurian seawater (Fig. 2) is easier to explain by enhanced mechanical and chemical weathering due to progressive warming of the climate (cf. McKerrow et al., 1991) .
STRONTIUM-ISOTOPE STRATIGRAPHY
High-resolution strontium-isotope stratigraphy is a potential tool for correlation and dating of marine samples (cf. Hodell, 1994; McArthur, 1994) . For this task, the trend of 87 Sr/ 86 Sr variations can be approximated by regressions that are either linear (e.g., Hodell et al., 1989 Hodell et al., , 1990 Oslick et al., 1994; Mead and Hodell, 1995) or curvilinear (Miller et al., 1991; Woodruff, 1994; Oslick et al., 1994) . For the current data set, modeling by simple linear regressions for specific time segments fits the 87 Sr/ 86 Sr data well (Fig. 4) . The Silurian data set contains six regression segments ( Table 2 ). The regression lines I, III, and V, of Rhuddanian (acuminatus to cyphus biozones), Telychian (crispus to crenulata biozones), and early Ludfordian (bohemicus to auriculatus biozones) ages, have significantly steeper slopes and higher R 2 values (> 0.7) than the other three segments. These steep lines may provide temporal resolution of 1 m.y. or better. Such a steep slope may reflect slow rates of sedimentation, a condensed sedimentary record, or a stratigraphic hiatus.
The regression lines depict a general stepwise climb of 87 Sr/ 86 Sr values with decreasing age, but local drops appear to exist at the commencements of segments IV and VI, the LlandoveryWenlock boundary and latest Ludlow times, respectively (Fig. 4) . The earlier drop coincides with Barrandian (Rheic) volcanism during latest Llandovery time and the latter may correlate with late Ludlow volcanic activity documented in Poland (cf. Neuman and Kershaw, 1991) .
Except for the high slope segments, the regression lines are almost parallel, at a similar gentle slope (Fig. 4) , suggesting a uniformly increasing rate of input of radiogenic Sr, presumably reflecting a similar increase in the riverine runoff. The generally low scatter of data points for segments I to V provides reliable age estimates. In contrast, the youngest segment, VI, of Ludfordian (late Ludlow) to PÍídolí age, has a large scatter and is therefore of doubtful value for chemostratigraphy. This high scatter of data may be due to errors in correlation of biozones, to postdepositional overprinting of 87 Sr/ 86 Sr values, to nonuniform rate of sedimentation, or to a combination of all of these. It is also possible that there are shortterm oscillations in the Sr isotopic composition of seawater.
The regression lines can be utilized to estimate the ages for the studied graptolite biozones. The uncertainty for the estimated ages is controlled by the degree of scatter of the data points around the regression lines, and by the slope. However, the largest uncertainty for the absolute (numerical) estimate of the age is due to the large error associated with the calibration tie points. For this reason, numerical values should be viewed only as relative superposition of biozones. In that case, the 87 Sr/ 86 Sr values can be utilized as a correlation tool, but with differing 95% confidence levels (Table 2) . Excluding segment VI, where the scatter of data is high, the error in estimated ages is equivalent to about ± 2 biozones, but can be as high as ± 4 biozones in the lower part of the segment IV (Wenlock); the latter is characterized by more scattered data (Fig. 4) .
Correlation Based on Inflections
Points of inflection in the Sr-isotope curve can serve as reliable tie points that can be used for correlation (cf. McArthur, 1994) , particularly when samples are taken at short intervals. Such trends can also be generated by postdepositional alteration, but excellent preservation of the sampled brachiopods appears to exclude the possibility of false signals. Stratigraphic hiatuses, when they do not include the inflection point, usually cause a shift in the position of inflections (McArthur, 1994) , and correlation of such tie points may help to estimate the duration of the hiatus.
The PÍídolían sections of Latvia (Kolka 54), Lithuania (Taurage 11), and Ukraine (Podolia) contain minor unconformities, yet their Sr-isotope curves all show three main inflections (Fig. 5) that correlate with the 36 ultimus, 38 lochkovensis, and 40 permeri biozones, respectively. The most significant inflection is the one in the 38 lochkovensis biozone, this biozone being characteristic of the Kaugatuma-Ohesaare stage boundary in the Baltic sections (Latvia and Lithuania) and of the Rashkov-Dzwingorod formation boundary in the Podolian section. This is in agreement with the lithostratigraphic record for the Podolian and Lithuanian sections (Fig. 1) , but in the Latvian section (Kolka 54) the inflection is in the lower portion of the upper Kaugatuma stage (Fig. 6 ). Therefore, it is possible that the stratigraphic position of the Kaugatuma-Ohesaare boundary in the Latvian section may be shifted downward to a level of approximately the present K 3 bL 1 / K 3 bL 2 bed boundary (Figs. 5 and 6 ), but more work on stratigraphy and geochemistry is required to validate this proposition.
The Wenlockian Sr-isotope curves for Wales (United Kingdom), Gotland (Sweden), and Lithuania follow similar patterns (Fig. 7) , with the 87 Sr/ 86 Sr inflection correlated with the 15 murchisoni biozone, where the decline that Figure 2 . Duplicates, the outliers in the Landovery and the PÍídolí samples were excluded from the test.
commenced in latest Telychian time (Fig. 2) is reversed. Samples from Gotland show a considerable drop in the 87 Sr/ 86 Sr record, also toward the 19 ellesae biozone, but in the other sections this was not confirmed due to lack of samples. The relatively large discrepancy in 87 Sr/ 86 Sr (~ 6 x 10 -6 ) in the 20 lundgreni biozone for the Lithuanian vs. United Kingdom and Gotland data needs to be resolved.
In conclusion, the use of inflection points in Sr-isotope stratigraphy is an effective technique for correlation of successions from different basins, particularly when sampling is done at close intervals in a high-resolution pattern.
Curve Testing
In order to test the reliability of the Sr isotope technique for correlation purposes, we have employed a set of 87 Sr/ 86 Sr values of Silurian conodonts from Ruppel et al. (1996) , where the assignment of samples up to a biozone was known.
The measured values were plotted onto the regressions in Figure 4 , and on the basis of this projection, the samples were assigned to a specific graptolite biozone (Table 3) . About 75% of the estimated correlations are within ±1 biozone and in many cases they agree completely. The results based on average curve in Figure 2 are in general comparable. This confirms the potential of Sr isotope stratigraphy as a correlation tool. 3. The Sr-isotope curve contains inflection points in the Wenlock and the PÍídolí that may be utilized for correlation of sequences from United Kingdom, Gotland, Lithuania, Latvia, and Podolia.
